Cro repressor is a small dimeric protein consisting of two 66-amino-acid subunits Hsiang et al., 1977) . The structure of Cro has been determined by x-ray crystallography (Anderson et al., 1981) , and shown to consist of a three-stranded &sheet, three a-helices (aI, a?, as), and an extended carboxyl terminus (Fig. 1) . The structures of two other sequence-specific DNA-binding proteins, the catabolite gene activator protein from Escherichia coli (McKay and Steitz, 1981) , and the amino-terminal fragment of the X repressor protein from phage X have also been determined.
Inspection of the structures of these sequence-specific DNA-binding proteins immediately suggested protruding ahelices as a distinctive feature of the DNA-binding region. Detailed structural comparison showed that the protruding &-helices were part of a helix-turn-helix unit (ap-cr3 for Cro and X repressor; aE-aF for catabolite gene activator protein) that is virtually identical in the three structures Ohlendorf et al., 1983a) . The existence of a similar bihelical structure in a number of other DNA-binding proteins was also suggested on the basis of homology in their amino acid sequences Matthews et al., 1982; Sauer et al., 1982; Weber et al., 1982; Ohlendorf et al., 1983b; Takeda et al., 1983; Pabo and Sauer, 1984) . Detailed model building of the proposed Cro-DNA complex (Anderson et al., 1981; showed it to be consistent with the genetic and chemical data available at that time. Also, an analysis of mutants of X repressor (Hecht et al., 1983) is consistent with the proposed interaction of this protein with DNA (Lewis et al., 1983) .
Although we have developed a detailed model for the interaction of Cro with its specific operator sites and have described in general terms how Cro might interact with other sites (Takeda et al., 1983 (Takeda et al., , 1985 , these models remain to be tested experimentally.
We report here experiments in which Cro was chemically probed by alkylation of lysine residues and iodination of tyrosines during its interaction with DNA. The results of these experiments provide direct support for the Cro-DNA interaction as proposed previously. In addition, we studied the specific and nonspecific interaction separately and found differences in the character of Cro-DNA complex in these two cases.
The chemical modification of proteins has been previously used to map functional groups in a number of proteins including enzymes, membrane proteins, and ligand-binding proteins. However, application of this method to the analysis of DNA-binding proteins has been limited (Anderson et al., 1975;  -0, Fanning, 1975; Hsieh and Matthews, 1981, 1985; Narayanan and Krakow, 1982 . In order to probe the interaction of Cro with the specific operator site, we used synthetic "psuedooperator" consisting of 17-base-pair and 21-base-pair oligonucleotides that had a consensus sequence of the six binding sites.
EXPERIMENTAL PROCEDURES
Materials-Trypsin, chymotrypsin, and pancreatic deoxyribonuclease (DNase) were obtained from Worthington. Staphylococcus proteinase V8 and proline-specific endopeptidase were from Miles Laboratories Inc., and thermolysin from Calbiochem-Behring Cop., respectively. NaCNBH4, pyridine borane, formaldehyde, zinc bromide, 1,1,3,3-tetramethylganidine, 2-pyridine aldoxime, 4-dimethylaminopyridine, methylene chloride, 2-propanol, N,N-dimethylformamide, tetrahydrofuran, triethylamine, and pyridine were from Aldrich. Tetrahydrofuran, triethylamine, and pyridine were distilled over barium oxide and kept over molecular sieves. Potassium iodine, iodine, and Hepes' were obtained from Sigma, trifluoroacetic acid from Pierce Chemical Co., and 1-propanol (HPLC grade) from Bodman Chemical Co., respectively. All other chemicals obtained from commercial sources were an analytical grade. Protected nucleotide monomers and dimers were purchased from Bachem, lnc. [1Z51] iodine, and [3ZP]orthophosphate were obtained from New England Nuclear.
Cro Protein-Preparation of Cro protein was much simplified following Takeda et al. (1977) because of the development of overproducer strains. E. coli K12 K802 was freshly transformed with plasmid DNA (pcro7R or pcroll, isolated by G. Wilson and Y. ' The abbreviations used are: Hepes, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid; HPLC, high performance liquid chromatography. Takeda, Frederick Cancer Research Center; or pTR214, isolated by T. M. Roberts, Harvard) and ampicillin-resistant transformants were isolated. Cells were grown in 2% Bacto-tryptone, 1% Bacto-yeast extract, 0.5% NaCI, and 0.5% lactose (in the case of pTR214) containing 25 ccg/ml ampicillin at 30 "C to a late log phase, collected by a continuous centrifugation, and frozen immediately at -70 "C.
Frozen cells (1 kg) were chopped into pieces, added with 2.8 liters of 10% sucrose, 50 mM Tris-HCI, pH 7.4,O.l mM EDTA, 50 mM KCI, and homogenized at a low speed using a Waring blender. 800 mg of lysozyme was added and incubated for 30 min on ice with occasional stirring. The temperature was then raised to 30 "C for a complete lysis. During cooling down on ice, 2 mM M&l, and pancreatic deoxyribonuclease (approximately 10 mg) were added. When the viscosity dropped, 90 g of KC1 was added and dissolved. The extracts were centrifuged at 40 krpm for 2 h using three rotor 45Ti (or equivalent). The supernatant was collected and diluted to an ionic strength equivalent to 0.1 M KC1 with Buffer A (10 mM potassium phosphate buffer, pH 6.4,O.l mM EDTA, 5% glycerol). Crude extracts were loaded onto a phosphocellulose column (Whatman P11, bed volume 500 ml) which was equilibrated with Buffer A + 0.1 M KCl, washed with 1-2 column volumes of Buffer A + 0.1 M KCl. The adsorbed proteins were eluted with a linear gradient of 0.1-1.0 M KC1 in Buffer A (1 liter each). Cro protein elutes at 0.4-0.5 M KCI. A small Am peak after the major protein peak (which coincides with the Cro activity) was pooled and concentrated by 55% (NH4)2SO,.
The precipitate was dissolved in 20 ml of Buffer B (10 mM Tris-HC1, pH 7.3, 0.1 mM EDTA, 5% glycerol) + 0.2 M NaCI. This was applied to a Sephadex column (G-75, 5.5 X 115 cm) and gel filtration was carried out using Buffer B + 0.2 M NaCl as a running buffer. The Azso peak after the major protein peak (Cro elutes where myoglobin elutes) was pooled and concentrated by 55% (NH&SO,. If the transformant moderately overproduced Cro (more than approximately 0.2% of the total protein), Cro preparation at this stage is more than 95% pure and satisfactory for most of the experiments. If needed, further purification can be done by a chromatography on hydroxyapatite or DNA-cellulose.
The Cro activity is measured conveniently by a filter binding assay Kim et al., 1986) or an immunoassay . (For a filter binding assay, use an operator-containing DNA fragment of less than 300 base pairs. This gives better specificity (100-fold specific over nonspecific DNA) (Kim et ai., 1986) .) A gel assay (Garner and Revzin, 1981 ) also works very well. Cro protein can be also seen on a sodium dodecyl sulfate gel as one of the smallest proteins.
Cro is stable at -20 "C in 50% glycerol, 10 mM Tris-HC1, pH 7.4, 0.1 mM EDTA, 0.2 M NaCI. We use an extinction coefficient of AZii = 0.74 per mg of Cro as determined by amino analysis.
DNA-Calf thymus DNA (Sigma) was dissolved in 10 mM Tris-HC1, pH 7.3, or 50 mM Hepes buffer, pH 7.4, containing 5 mM KC1.
A-DNA or 434 DNA was prepared by heat induction of E. coli K12 C600 (AcZ857S7) or C600 (A434cZtsS7). 32P-labeled phage DNAs were prepared as described previously . End labeling of some DNA fragments using T4 polynucleotide kinase was carried out as described by Maxam and GiIbert (1977) .
Oligonucleotides 17-mer and 21-mer were synthesized by a solid phase triester approach according to Miyoshi et QZ. (1980) . After synthesis, the oligonucleotide was cleaved off the resin by oximate (Reese and Zard, 1981) . and the blocking groups were deblocked by treating with base and acid. The oligonucleotide was passed through a Sephadex G-50 column using 50 mM triethylamine/acetate buffer, pH 7.0, as a running buffer and further purified by HPLC using pBondapak C18 column (Waters Associates, 0.4 X 30 cm) (Fritz et al., 1978) . Double-stranded DNA 17-mer (TATCACCGCGGGT-GATA) and 21-mer (TCTATCACCGCGGGTGATAAA) have a sequence that is a conscensus of the six Cro-binding sites in phage X-DNA except that the second base to the right of the center of pseudosymmetry is altered. This change was introduced to prevent self-annealing of the individual DNA strands because of their sequence symmetry. Cro binds to these consensus DNA sequences as well as or even better than to OR3 operator, which is the highest known binding site for Cro (Kim et at., 1986) .
Reductive Methylation of Cro Protein-Cro (7 pg, 0.5 nmol) was incubated with [3H]HCH0 (10 mM, specific activity 10 mCi/mmol) in 50 pl of 50 mM Hepes buffer, pH 7.4, 0.1 M KC1, 10% glycerol in the presence of 20 mM NaCNBH4 or pyridine borane. The reaction is usually complete within 40-60 min at room temperature. To measure the incorporation of methyl groups, the reaction was stopped by adding 10% trichloroacetic acid. The trichloroacetic acid-precipitable radioactivity was collected on a Whatman GF/B filter and counted by a scintillation counter. To measure the DNA-binding activity, Cro was reacted with cold HCHO as above. At the end of the reaction, Cro was diluted into 10 mM Tris-HC1, pH 7.4, 0.1 M KCl, 50% glycerol, 500 pg/ml bovine serum albumin. Aliquots were then incubated with [32P]X-DNA (0.2 pg, about 10,000 cpm) in 100 pl of a binding buffer (10 mM Tris-HC1, pH 7.3, 50 mM KC1, 10 mM MgC12, 0.2 mM EDTA) for 10 min at 0 "C. The mixture was filtered through a nitrocellulose filter (Schleicher & Schuell BA85,0.45 p) and washed with 0.3-0.5 ml of binding buffer. When Cro was modified in presence of DNA, further methylation was stopped by the addition of excess lysine (200 mM). The DNA was degraded with 4-5 wg of pancreatic deoxyribonuclease in the presence of 5 mM MgClp for 30 min.
Iodination of Cro Protein-Cro (7 pg, 0.5 nmol) was incubated with ['Z51]iodine (20 mM K13-, specific activity 200 mCi/mmol) in 100 pl of 50 mM Tris-HC1, pH 7.3, 0.1 M KCl. The reaction is usually complete within 5-10 min at room temperature. The trichloroacetic acid-precipitable radioactivity or Cro's DNA-binding activity was measured essentially as described above. When Cro was modified in the presence of DNA, the reaction was stopped by the addition of excess 2-mercaptoethanol (0.1 M) together with 4-5 pg of pancreatic deoxyribonuclease and 5 mM MgC12.
Peptide Analysis-Modified Cro (20 nmol) was extensively dialyzed against 0.1 M NH,HC03. This was digested with trypsin (molar ratio of enzyme to substrate 1:50) for 2 h at 60 'C, then lyophilized to dryness. Tryptic fragments were resuspended in 0.1% trifluoroacetic acid and applied to a Zorbax CN column (du Pont 25 X 0.46 cm). Peptides were separated by applying a 20-50% linear propanol gradient in 0.1% trifluoroacetic acid at 0.8 ml/min in a 60-min period using Varian HPLC model 5060. Peptides were detected by monitoring absorbance at 205 nm, then aliquots were counted for 3H/14C using a scintillation counter.
Peptide peaks were pooled and lyophilized to dryness. One portion was digested with a second enzyme and another portion (1-2 nmol) was dissolved and completely hydrolyzed in 6 N HC1 in uucuo at 110 'C for 12-22 h. The hydrolysate was analyzed by a Beckman amino acid analyzer using a ninhydrin method.
RESULTS

Modification of Cro Lysines by Reductive Methylation and
Protection by DNA-Reductive methylation of a lysine residue with formaldehyde is mild, but specific (Cabacungan et al., 1982) . As shown in Fig. 2 , the DNA-binding activity of Cro is reciprocally lost as the methylation of Cro proceeds. At saturation, Cro incorporated approximately 25 mol of methyl groups per mol of Cro dimer. Since a Cro dimer contains 16 lysine residues and 2 terminal amino groups, these results mean that Cro incorporated an average of 1.4 methyl groups per lysine residue. This is comparable with examples in the literature (Cabacungan et al., 1982) . Amino acid analysis of the modified Cro showed the presence of methyllysine and methylmethionine, but detected no change in any other amino acids (data not shown). Digestion of the fully methylated Cro with trypsin yielded four fragments, apparently the products of cleavage at the 3 arginine residues a t positions 4, 13, and 38 (see Fig. 4a and Table I1 below) . Thus, all of the lysine residues appear to be selectively modified under the conditions employed.
The results in Table IA show that when Cro is reacted with formaldehyde, it loses its DNA-binding activity. However, when Cro is bound to DNA first, then reacted with formaldehyde, it retains its activity, Since lysines remain charged positively after methylation, charge interaction does not seem to be impaired. Inactivation of Cro by methylation appears to be due to either steric hindrance or blockage of hydrogen bond formation. Protection by DNA suggests that the same modification does not occur to Cro when bound to DNA.
The incorporation of methyl groups into Cro was measured in the presence of four different DNAs (Fig. 3) . The incorporation by Cro bound to calf thymus DNA or X-DNA was approximately one-half of the methyl groups incorporated into free Cro. Although X-DNA contains specific operator sites for Cro, binding of Cro to X-DNA is nonspecific in these experiments, because the amount of Cro exceeded the concentration of these sites by a factor of lo3, so that their contribution is insignificant. When synthetic operator was used as a specific DNA, it was less effective in suppressing the incorporation. The incorporation by Cro bound to the synthetic operator DNA 17-mer and 21-mer was 80% and 60% of the control, respectively.
Mapping of the DNA-protected Lysine Residues-Free Cro was modified with [3H]formaldehyde, while Cro complexed
TABLE I
Protection against chemical modification A, protection against alkylation. 1 and 2, Cro (7 pg) was modified in 50 m M Hepes, pH 7.4,20 mM KCl, 10% glycerol, 20 mM NaCNBH4, 10 mM HCHO (absent in 1) for 1 h at room temperature. A small aliquot was assayed for DNA-binding activity using [32P]X-DNA (0.2 pg, 1800 cpm) as in Fig. 2. 3 and 4, the same amount of Cro was incubated with [32P]X-DNA in 50 mM Hepes, pH 7.4, 20 mM KCI, 10% glycerol for 10 min at room temperature, then challenged with 20 mM NaCNBH4, 10 mM HCHO (absent in 3) for 1 h. B, protection against iodination. 5 and 6, Cro (5 pg) was modified in 10 mM TrisHCl, pH 7.3, 20 mM KC1, 10% glycerol with 20 mM iodine (absent in 5) for 10 min at room temperature. 7 and 8, the same amount of Cro was incubated with [32P]X-DNA in 10 mM Tris-HC1, pH 7.3, 20 mM KCl, 10% glycerol for 10 min at room temperature, then challenged with 20 mM iodine (absent in 7) for an additional 10 min. with X-DNA was modified with [14C]formaldehyde. The products were then mixed, digested with trypsin, and the resulting peptide fragments were separated by HPLC (Fig. 4a) . Amino acid analysis was performed on the separated peak fractions. Peaks A, B, C, and D corresponded to the peptide containing the amino acid sequence 1-4,5-13, 14-38, and 39-66, respectively (Table 11 ; see also Fig. 1) . Fragment C was then digested with chymotrypsin to give the fragments shown in Fig. 4b . The resulting fragment CII was further cleaved with thermolysin, yielding Fig. 4c . As summarized in Table 11 , peptides CI, CIIa, and CIIb contained Lys3', Lys", and Lys'l, respectively. Fragment D was digested with Staphylococcus proteinase, giving Fig. 4d , and fragment DI was subsequently cleaved with proline-specific proteinase giving Fig. 4e . As summarized in Table 11 , peptides DII, DIa (and DIc), and DIb contained Lys3', Lys62/63, a n d L y P , respectively. From the 14C/3H ratio for each lysine residue (Table 11) , we conclude that X-DNA protected Lys" (ratio = 0.38), Lys62/63 (0.35) as well as Lys3* (0.14) and (O.l), but not Lyse (0.85), Lys" (0.81), Lys3' (0.91), or the amino terminus (0.89). The significant difference in the ratio between one group of lysines (Lys3', Lys=) and the other group of lysines (LysZ1, Lys62/63) suggests that the former lysines are buried between Cro and DNA and not available for any modification, but the latter lysines lie on the surface of the complex and remain susceptible to partial modification. (Since L y P and were not separated, it is noted that the present experiments do not exclude a possibility that one of the lysines was completely protected and the other was completely modified.)
Similar protection experiments were carried out using the 17-base-pair and 21-base-pair synthetic operator DNAs. The results summarized in Table I1 show that the synthetic operator DNA 17-mer protected Lys3* a n d L Y S~~, but did not protect Lys62/63. We anticipated from the Cro-DNA model that the 17-mer might not be long enough to interact with Lys''. Very weak protection of Lys'l is consistent with this prediction. The same table shows that the synthetic operator DNA 21-mer protected Lys3', L y P , a n d Lys'l better, and Lys62/63 slightly less than X-DNA did. Slight protection of Lys" seems to suggest that this lysine residue is also close to and slightly interacting with the DNA. From these we conclude that 10 lysines (per Cro dimer) are involved in the nonspecific as well as the specific DNA interaction while interaction of Lys62/63 with specific DNA (especially 17-mer) appears to be reduced (see "Discussion"). It is noted that the differences in protection patterns well correlate with the observed differences in the incorporation of methyl groups in the presence of different DNAs (see Fig. 3 ).
(If we consider a rather short half-life for a Cro-DNA (especially nonspecific DNA) complex, Cro should spend some fraction of time dissociated from the DNA during the modification experiments. However, since the modification is a slow reaction and the association of Cro with DNA is a fast reaction (order of seconds; see Kim et al. (1986) for kinetic experiments), it appears that we see Cro bound to DNA for most of the time.)
Modification of Cro Tyrosines by Iodination and Protection by DNA-Iodination of tyrosine is a fast reaction, and is complete within 5-10 min at room temperature (Covelli and Wolff, 1966) . When Cro is iodinated, it loses its DNA-binding activity as measured by a filter assay (Fig. 5) . At saturation, all 3 tyrosines of Cro are iodinated (see Fig. 7 below), but no iodination of histidine or any other amino acid was detected by column chromatography, thin layer chromatography, or amino acid analysis (data not shown). Thus, we conclude the incorporated iodines are exclusively on the tyrosine residues and that the inactivation of Cro by iodination is due to the modification of tyrosine residue(s). Table IB shows that DNA added prior to iodination prevents the inactivation of Cro. (In addition, we observed that nitration by tetranitromethane inactivates free Cro, and DNA protects Cro from this inactivation (data not shown).)
We measured the incorporation of iodine into Cro in the presence of different DNAs. As seen in Fig. 6 , calf thymus DNA or X-DNA suppressed the iodination by 30%, but synthetic operator DNA suppressed it by more than 95%.
Identification of the DNA-protected Tyrosine Residues-'251-Labeled Cro was digested with trypsin to completion, and the resulting peptides were fractionated by a gel filtration through Bio-Rad P4 (Fig. 7) . Cro contains 3 arginines and 8 lysines. Of the 9 peptides expected following trypsin digestion, TyP, and Tyr" should be located in the 23-residue, 11-residue, and 5-residue fragments, respectively, and their elution should follow this order. The radioactive peptide from each peak shown in Fig. 7 was further purified using silica gel thin layer chromatography. Amino acid analysis on the purified fragments confirmed our expectation (data not shown).
The results seen in Fig. 7 show that the presence of calf thymus DNA (or X-DNA) supressed the iodination of Tyr51 by about 20%, and that of Tyr" by nearly loo%, but did not affect the iodination of 51'". The results in the same figure show that the presence of synthetic operator DNA 17-mer abolished the iodination of all 3 tyrosines.
Salt Sensitivity of Cro-DNA Complex-The interaction of Cro with nonspecific and specific DNA is drastically different in its salt sensitivity (Fig. 8) . The Cro-X (or calf thymus)-DNA complex is very sensitive to salt (half-dissociation occurs at -70 mM KCl), but the Cro-synthetic operator DNA complex appears to persist even at 0.5 M KCl.
DISCUSSION
Location of lysine and tyrosine residues on the threedimensional Cro structure is shown in Figs. 9 and 10. The protected lysines are all localized on one side of the Cro dimer, which defines the DNA-binding region. When this region of Cro is aligned with the "front face" of the DNA, the 2-fold- for 10 min at room temperature, then modified with ["CC]HCHO (specific activity, 60 mCi/mmol) for 60 min as in Fig. 3 . In parallel, the same amount of Cro (without DNA) was modified with [3H]HCH0 (specific activity, 50 mCi/mmol). Excess lysine was added and the mixture was treated with pancreatic DNase (4 pg) for an additional 30 min. After this was extensively dialyzed against 10 mM Hepes, pH 7.4, 200 mM KCl, 10 mM MgC12, the protein was modified a second time with cold HCHO and dialyzed against 0.1 M NH4HC03. a, modified Cro was digested with trypsin (Worthington, molar ratio of enzyme to substrate 1:50) for 2 h at 60 "C. Tryptic fragments were then separated on a Zorbax column (du Pont, 250 X 4.6 mm) by HPLC, Varian model 5060. A 20-50% linear 1-propanol gradient in 0.1% trifluoroacetic acid was applied at 0.8 ml/min in 60 min. 3H counts, 0-Q 14C counts, 0 -0 .
(Only appropriate fractions were collected for counting, so that the figure does not represent the whole gradient. In the subsequent figures, the amounts of radioactivity are not normalized for the total volume of the fractions.) b, peak C ( a ) was pooled and lyophilized. After suspending in a small volume of 0.1 M NH4HC03, it was digested with chymotrypsin (Worthington, weight ratio 1:ZOO) for 8 h at room temperature. The separation procedure was as in a. c, peak CZI ( b ) was pooled and further digested in 0.2 M ammonium acetate, 5 mM CaC12, with thermolysin (Calbiochem. weight ratio 1:20) for 5 h at room temperature. The column was run with a 0-40% linear 1-propanol gradient in 0.1% trifluoroacetic acid. d, peak D ( a ) was pooled, resuspended in a small volume of 50 mM potassium phosphate, pH 7.8, and digested with Staphylococcus proteinase V8 (Miles Laboratories, weight ratio 1:50) for 6 h at 37 "C. The separation procedure was as in c. e, peak DZ (d) was further digested in 50 mM potassium phosphate, pH 7, with proline-specific proteinase (Miles Laboratories, weight ratio 1:20) for 10 h at 30 'C. The separation procedure was an in c.
related a3-helices penetrate successive major grooves and the a2-helices interact with the phosphate backbone ( Fig. 10) as in the Cro-DNA model proposed on the basis of the Cro structure (Anderson et al., 1981; . The lysine protection data thus provide direct evidence in support of the model. The carboxyl termini of Cro were observed to be very mobile in the crystal structure and were located in the model in positions such that they could make contacts with the "sides" of the DNA. The protection of Lys6'"j3 in the present experiments confirmed these interactions. This is also consistent with the previous observation that brief carboxypeptidase (A and B) treatment inactivates Cro.' Cro clearly binds both specific and nonspecific sites with the same face of the protein contacting the DNA. However, the present results show that there are differences between the specific and nonspecific interactions. By combining the Y. Takeda, unpublished results. present results with the model building study, it is possible to describe some of the molecular differences between sequencespecific and sequence-nonspecific Cro-DNA interactions.
Sequence-independent Cro-DNA Interaction-The protection data show that lysines 21,32,56,62, and 63 plus their 2-fold equivalents, i.e. a total of 10 lysines per Cro dimer contribute to the sequence-independent Cro-DNA interaction. Eight of them seem to contact the phosphate backbone, whereas 2 lysines (Lys3') on the recognition helices a3 extend to reach the bottom of the major groove. Because Lys3' was close to the DNA-binding region, we suggested that it might contact the phosphate backbone (Ohlendorf et al., 1982) . The present work, however, shows no indication of this contact. It seems likely that the side chains of these lysines extend into solution rather than bend to make direct contact with the DNA.
In the sequence-independent interaction, TyrZ6 is fully ac- Isolated peptides were hydrolyzed in 6 ti HCl in vacuo for 12-20 h at 110 "C. Amino acid analysis (usually 1-2 nmol) was performed by the ninhydrin method using a Beckman amino acid analyzer. The "C/'H ratios for the X-DNA experiment are from the peptides shown in Fig. 4 . Underlined figures indicate a ratio for a unique lysine. Similar experiments were carried out using the pseudo-operator DNA 17-mer (TATCACCGCGGGTGATA and complementary strand) and 21-mer (TCTATCACCGCGGGTGATAAA and complementary strand) to calculate the resuective "Cf' H ratios. were measured as described under "Experimental Procedures." cessible to iodination. TyrZ6 is located on the surface of the protein at the end of the a,-helix and can either swivel toward the major groove, or be directed away from the DNA. If the a3-helix is moved away somewhat from the DNA as expected in the nonspecific interaction (see below), then TyrZ6 would not be able to reach base pairs in the major groove and would be fully accessible to iodination, consistent with the observed results.
On the other hand, Tyr", which is located far from the DNA-binding region and faces in the opposite direction, is fully protected from iodination. Presumably, the protection of Tyr" is not because of direct contact with DNA, but might be due to a conformational change in Cro upon DNA binding. Tyr" is almost buried within a hollow between helix cyz and the three @-strands. From the structure of Cro, it is not difficult to imagine that a small conformational change of the @-sheet relative to helix ap would be sufficient to prevent the accessibility of this tyrosine to iodine. A subtle but significant change in the Cro conformation appears to be essential for Cro to bind DNA, since iodinated Cro does not bind X-DNA. The binding of Cro to sequence-independent sites is very salt-sensitive (Fig. 8) and is therefore consistent with Cro and DNA interacting electrostatically. In such a complex, Cro and the DNA may be separated by a layer of solvent molecules. The binding energy calculated from the dissociation constant for nonspecific binding (KO = M ) ) is approximately 10 kcal/mol. Assuming that this comes mainly from charge-charge interactions, it may correspond to about 1 kcal/mol of binding energy per ionic interaction. The main free energy actually derives from the Coulomb force and the entropy of dilution of cationic counterions displaced from the DNA when the protein binds. Such an electrostatic protein-DNA interaction has been proposed to facilitate "sliding" of the protein along the DNA since a cation displaced from in front of the protein is immediately replaced by another cation behind the protein and the protein effectively slides along the DNA on an isopotential surface (Berg et al., 1981; . The observation that the association of Cro with its specific operator site on DNA is a fast reaction (10-100 times faster than simple diffusion; Takeda et al., 1977) and is DNA length-dependentz suggests that Cro may slide along the DNA. Recent kinetic experiments (Kim et al., 1986) have shown that this is the case.
Sequence-specific Cro-DNA Interaction-The protection data show that the same lysines used in sequence-independent binding are used in the specific complex of Cro with operator DNA. However, in the sequence-specific complex, the interactions of Lys62/63 appear to be less tight and these lysines appear to be more susceptible to methylation. The observed protection of lysines 21,32, and 56 are all consistent with the proposed model . In going from the sequence-nonspecific to the specific complex, it is assumed that Cro moves closer to the DNA and penetrates more deeply into the major groove. As this occurs, close contacts develop between the DNA backbone and the residues 57-60 at the base of the "flexible" carboxyl-terminal arms. T o relieve this tight contact, the carboxyl-terminal arms could twist out of the way and this motion might result in the observed increase in the exposure of Lys62/63 to modification. This effect might be more pronounced with specific DNA 17-mer than 21-mer, because with 21-mer DNA the interaction of Lyszl with the outside phosphates is possible. This interaction might bend the DNA more and ease the steric interference in the vicinity of the central base pairs. This is consistent with the observations in Table 11 .
The protection of Lys21 provides new information concerning the geometry of the complex. In order to optimize the contact between Cro and DNA, we suggested that either the DNA might bend, the Cro dimer would undergo a "hingebending" motion, or there would be a combination of the two . If the DNA were to remain straight and Cro were to retain the structure determined crystallographically, then it would be sterically impossible for the DNA to contact both lysines 21 in a Cro dimer at the same time. The protection of Lys21 suggests that there has to be a change in the DNA and/or Cro conformation which brings these two closer at the outermost edges. This could be either the type of conformational change discussed by or it might be an even more drastic change in the DNA and/or Cro conformation. The protection of Lys21 in the nonspecific interaction suggests that a similar change in the DNA and/or Cro conformation seems to occur during formation of the nonspecific complex.
Formation of the sequence-specific complex is apparently associated with another conformational change in Cro that inhibits the iodination of Tyr5'. This tyrosine lies on the surface of the protein, away from the DNA-binding region, and is quite exposed to solvent. The phenolic hydroxyl group is presumed to hydrogen bond to G~u~~. It is not easy to imagine a conformational change within the Cro subunit that would substantially reduce the accessibility of this residue to the surrounding solvent. The reactivity of this tyrosine might be reduced by electrostatic effects and/or changes in the interactions with neighboring side chains. It is also possible that a large conformational change in the Cro dimer might bury Tyr51 in the interface between the two Cro subunits (Figs. 9 and 10 ). This remains to be determined.
The iodination protection of Tyrz6 suggests that it swings toward the major groove to form hydrogen bonds with the outermost bases of the operator as suggested previously . In addition, GlnZ7 and Ser2*, as well as A r p , are assumed to participate in forming hydrogen bonds with the exposed parts in the major groove in the specific complex . Analysis of Cro mutants isolated in vivo (Pakula and Sauer as cited in Pabo and Sauer, (Eisenbeis et al., 1985) is consistent with this prediction. The results of NMR studies (Arndt et al., 1983; Kirpichnikov et al., 1984; Metzler et al., 1985) also support the general features of the proposed Cro-DNA complex.
The sequence-specific binding of Cro is salt-resistant3 (Fig.  8) . This complex appears to be formed when the formation of sequence-specific hydrogen bonds allow the Cro molecule to approach close to the DNA, squeezing out solvent molecules. This complex is presumed to be further stabilized by complementary hydrophobic interactions and a strong electrostatic interaction that occurs in such a close proximity. The binding energy calculated from the dissociation constant for the speBecause of a rather high protein and DNA concentration used in the experiment presented in Fig. 8 , the apparent differences in salt sensitivity observed between the Cro-nonspecific DNA complex and the Cro-operator DNA complex may be claimed to be due to the difference in the affinity between these complexes. Experiments done with much lower protein and DNA concentrations have clearly shown that the Cro-nonspecific DNA complex is salt-sensitive and the Crooperator DNA complex is salt-resistant under those conditions ( The hypothesis that the DNA-binding proteins utilize 2-fold-related a-helices in recognition of specific sequences has recently received experimental support in other systems as well. Analysis of X repressor mutants (Hecht et al., 1983) and catabolite gene activator protein mutants (Ebright et al., 1984, a and b) is consistent with the proposed model for X repressor-DNA (Lewis et al., 1983) and catabolite gene activator protein-DNA interaction (Weber and Steitz, 1984) , respectively. Experimental results suggest that 434 repressor and Cro (Wharton et al., 1984) , as well as Trp repressor (Kelley and Yanofsky, 1985) seem to utilize the same structural motif for their sequence recognition. The amino-terminal arms of X repressor have been proposed to wrap around the DNA and contact the back of the DNA, because proteinase cleavage of these parts eliminates the protection at the back of the DNA . Recent mutants analysis (Eliason et al., 1985) has substantiated this point as well.
